We investigate the interactions of Pluronics L61 and L64 with a dioleylphosphatidylcholine (DOPC) lipid bilayer by atomistic molecular dynamics simulations using the all-atom OPLS force field. Our results show that the initial configuration of the polymer with respect to the bilayer determines its final conformation within the bilayer. When the polymer is initially placed at the lipid/water interface, we observe partial insertion of the polymer in a U-shaped conformation. On the other hand, when the polymer is centered at the bilayer, it stabilizes to a transmembrane state, which facilitates water transport across the bilayer. We show that membrane thickness decreases while its fluidity increases in the presence of Pluronics. When the polymer concentration inside the bilayer is high, pore formation is initiated with L64. Our results show good agreement with existing experimental data and reveal that the hydrophilic/lipophilic balance of the polymer plays a critical role in the interaction mechanisms as well as in the dynamics of Pluronics with and within the bilayer.
■ INTRODUCTION
Amphiphilic block copolymers have been of great interest for pharmaceutics and biomedicine, not only as drug nanocarrier components but also as elements with therapeutic activity. 1−3 These copolymers can target specific cells in the body 4 and control cellular and physiological responses. 5, 6 A specific type of amphiphilic triblock copolymers is Pluronics, also known as poloxamers or symperonics, that consist of a hydrophobic poly(propylene oxide) (PPO) block connected to hydrophilic poly(ethylene oxide) (PEO) blocks at each end. Pluronics display exceptional biological activities; e.g., they have been shown to enhance gene transcription 7 and increase the sensitivity of multidrug resistant cells in vitro and in vivo. 8 They can seal damaged cell membranes and restore cell integrity 2, 9 or facilitate the passage of molecules across lipid membranes and increase membrane permeability.
10−12 The PEO and PPO block size determines the hydrophilic−lipophilic balance (HLB) of the copolymer and hence its biological activity or, more specifically, its degree of association with the cell membrane. 13 Hydrophilic parts of the polymer prefer to interact with polar heads of the membrane, whereas the PPO blocks are repelled. These opposing interactions can result in polymer localization at the interface or partial/full insertion into the membrane and hence change the membrane properties. To design effective nanomedicines, it is important to understand these interactions and the underlying molecular mechanisms in detail. Several experimental studies have been conducted in this context using different types of Pluronics, membrane models (monolayers, 14 bilayers, 15, 16 liposomes, 9, 17 and cells 18 ), and experimental methods including fluorescence microscopy, 14 X-ray scattering and differential scanning calorimetry, 15, 17, 19 dynamic nuclear polarization, 9 and microcantilever sensing. 16 Most of these studies indicate that the association of Pluronics with the lipid membranes depends on the length of the PPO block, hydrophilicity of the copolymer, membrane type, and membrane composition. In addition, temperature can play an important role on the solubility of the polymer in the membranes. 16 Experiments generally indicate that the interactions occur in two possible scenarios: (1) adsorption of polymer to the membrane surface, which is observed in all types of Pluronics, and (2) insertion of more hydrophobic polymers into the membrane. Although these observations appear consistent among experiments, a clear understanding of the mechanisms and driving forces that facilitate Pluronic−membrane interactions at atomic level remains elusive.
Computations provide an independent route to understanding detailed Pluronic−lipid membrane interactions. Interactions have been investigated by several studies using molecular dynamics (MD) and Monte Carlo simulations at different length and time scales. 13,20−24 Recently, for example, Rabbel et al. 20 conducted coarse-grained MC simulations and showed that full insertion with hydrophilic ends of the polymer on opposing sides of the membrane can lead to increased permeability and pore formation, whereas partial insertion with hydrophilic ends on the same side of membrane has little or no effect on permeability. Hezaveh and coauthors 13 observed membrane thinning with Pluronics percolation by coarsegrained MD. However, few atomistic MD studies on Pluronics and Pluronic−membrane interactions have been performed. To the best of our knowledge, the only all-atom force field for MD simulations for the smallest oligomers of both PEO and PPO was proposed by Smith et al. 25−27 The only atomistic MD study of Pluronic membrane interaction was done by Nawaz et al. 24 where authors reported membrane bending in a DMPC lipid bilayer upon insertion of the copolymer. However, the interaction of Pluronics with dioleylphosphatidylcholine (DOPC) bilayers has not been investigated computationally. With one double bond in its center and 18 carbons in each tail, DOPC is one of the most typical unsaturated lipid component of cell membranes. 28 Here we investigate the integration of Pluronics within a DOPC lipid bilayer by all-atom molecular dynamics simulations. Specifically, we have chosen L61 and L64 type Pluronics for our simulations. Both types have 30 hydrophobic PO repeating units. However, L61 has only two hydrophilic EO units at each end whereas L64 has 13. That is, the HLB (hydrophilic−lipophilic balance) for L61 and L64 is 1.8 and 14.5, respectively. The general OPLS all atom force field is modified and compared to the OPLS all atom force field specifically developed for Pluronics by Smith et al. 25−27 In particular, we examine the effect of the presence of copolymers on the structural and dynamic properties of DOPC.
■ COMPUTATIONAL METHODS
All MD simulations were performed using the GROMACS software package (version 5.0.4) 29 in the NPT ensemble with a time step of 2 ps. Coulombic interactions were calculated by the particle-mesh Ewald (PME) method 30,31 using a 1.1 nm cutoff for real space, a 0.12 nm grid spacing, and fourth-order interpolation. The van der Waals cutoff was set to 1.1 nm. The neighbor list was updated every 10 steps using a grid and 1.1 nm cutoff distance. All bonds were constrained using LINCS. 32, 33 Temperature and pressure were controlled by the velocity rescale thermostat 34 and the Berendsen barostat 35 with a coupling time of 0.1 and 1.0 ps, respectively. Semi-isotropic pressure coupling was used with a reference pressure of 1 bar and a compressibility of 4.5 × 10 −5 bar −1 , except for systems excluding the lipid bilayer where isotropic pressure coupling was applied. All simulations were energy minimized before the production runs using the steepest descent method.
Simulation of DOPC Lipid Bilayer. The Berger lipid model was implemented for use with the OPLS all atom (AA) force field 36 and TIP4P water. 37 Single lipid structures were initially obtained from the Automated Topology Builder and Repository Version 2.2.
38−40 300 lipids were equally distributed over a grid in the upper and lower leaflets to form a symmetric bilayer; 14 226 water molecules were then randomly placed in this computational volume. The system was energy minimized before and after the addition of water. Production simulations were run for 70 ns. Properties were calculated by block averaging the last 50 ns, and local stress distributions were obtained using GROMACS-LS.
41−43
Simulation of Pluronics. The OPLS-AA force field with partial charges obtained from density functional theory (DFT) calculations and the OPLS-AA type force field specifically developed for Pluronics by Smith et al. 25−27 were tested. The TIP4P water model was used with both force fields. Smith's force-field parameters were implemented into GROMACS through the use of tabulated potentials. DFT calculations were performed via Gaussian 03 44 using the B3LYP functional and a basis set of 6-311+G (3df,3pd). The charges were calculated by CHelpG. 45 Two short oligomers, each containing 3 PEO and 3 PPO monomers, were modeled. The oligomers were capped with methoxy groups and solvated in water. Very slight modifications to charges were made to neutralize the PEO and PPO monomers (cf. Table 1 ).
L61 and L64 were chosen for the molecular dynamics simulations. To compute the radius of gyration (R g ), a single chain of Pluronic was simulated for 70 ns in a simulation box containing ∼32 878 water molecules. The temperature was set to 300 K for L61 and to 280, 300, and 308 K for L64. To compute the density of the Pluronics melt, 300 initially randomly distributed chains were simulated at 300 K for 70 ns. All properties were calculated using the last 50 ns of the trajectories.
Simulation of Pluronics with DOPC Bilayer. Equilibrated single chains or five chains of Pluronics were solvated in an equilibrated DOPC bilayer/water system. For single chains of Pluronics three different starting configurations were tested: Pluronics placed (1) away from the lipid bilayer, (2) inside one of the lipid leaflets and close to the bilayer surface, and (3) in the middle of the bilayer. For five Pluronics chains, all Pluronics were randomly placed in the middle of the bilayer. The temperature was maintained at 300 or 310 K. All simulations ran for 500 ns. All properties were obtained by block averaging the trajectories.
Analysis. Radius of Gyration. One important parameter in polymer modeling is the radius of gyration (R g ), which can also be measured experimentally. It is a measure of a polymer chain dimension with the following mathematical definition:
where m i is the mass and r i is the position of atom i with respect to the center of mass of the molecule. Diffusivity. Diffusivity is the measure of the diffusion rate. It is calculated from the mean-square displacements:
where N is the number of molecules, t is the time, r i is the center-ofmass position of molecule i, and a = 2 or 4 for one-or twodimensional system, respectively. Density Distribution. The mass density distribution of atoms is calculated for the DOPC phosphorus head groups and the Pluronics to identify the location of Pluronics with respect to the bilayer. Also, the thickness of the bilayer is calculated from the distance of the phosphorus peaks (D P−P ) in atom density distributions across the bilayer.
Radial Distribution Function. The radial distribution function is an important structural parameter that provides a general picture of how the density of atoms is distributed around a reference atom as a 
where V is the volume and P(r) is the probability of finding molecule j at a distance r from molecule i.
■ RESULTS AND DISCUSSION
Structural Properties of the DOPC Lipid Bilayer Model. The structural properties of the Berger lipid model are first validated against experiments. For this purpose, 300 lipids are initially equally distributed over a grid in the upper and lower leaflets and then the system is relaxed in the presence of water molecules. This configuration avoids any asymmetric stress from forming across the bilayer which could change membrane permeability. Resulting 3D local pressure distributions are given in Figure 1 .
Structural Properties of Pluronics. Computed model lipid properties at 300 K are given in Table 2 52 To test whether the original OPLS-AA force field with modified charges can be used to model the copolymers, we simulated dilute solutions of L64 at 280, 300, and 308 K and compared the R g with the corresponding values obtained from the OPLS-AA force field developed by Smith et al. 25−27 as well as from experiments (cf. Table 3 ). In general, the R g obtained from the original OPLS-AA force field matches better with the experimental findings than the R g using Smith's force field.
25−27
The values of R g = 1.75 nm at 280 K and R g = 1.91 nm at 308 K calculated from the original OPLS-AA force field simulations are in good agreement with dynamic light scattering 53 and small-angle neutron diffraction 54 experimental results of 1.80 nm (at 280 K) and 1.85 nm (at 308 K), respectively. In addition, for simulations using both force fields, the R g for L61 is lower than for L64 due to the shorter PEO block size and lower molecular weight. Increasing the temperature increases R g and the polymer chains become more extended. To the best of our knowledge, no experimental R g has been reported for L61. Therefore, we additionally computed the melt density for L61 using the original OPLS-AA force field. The density of 1.013 ± 0.004 kg/L is obtained, in good agreement with the reported density of 1.01 kg/L.
55
Pluronics−Membrane Interactions. It has been reported that L61 and L64 increase biomembrane permeation by inducing disturbance and pore formation. 56, 57 Based on these experimental observations, together with the reported experimental high binding constants, 24 it is assumed that L61 and L64 can insert into the bilayer. Consequently, in a real system L61 and L64 are expected to bind to the membrane first and then gradually insert into the bilayer. However, it may not be possible to access the relevant experimental times with atomistic MD. Hence, due to the time restrictions of the simulations inherent to MD and supported by the assumption given above, in this study three different configurations were tested at 310 K. Single polymer chains are initially located (1) ∼3.5 nm above the preformed bilayer (Figure 2A ), (2) inside the upper or lower leaflet and close to bilayer surface ( Figure  2D ), and (3) at the center of the bilayer ( Figure 2G ). Density distributions of the copolymer with respect to the bilayer are calculated for each case and given in Figure 3 . Full insertion of copolymers into the bilayer from the water is not observed within 500 ns simulation time. Yet both copolymers come in contact with the bilayer surface ( Figure 3A) . While the interaction is between the hydrophobic part of the polymer and the hydrophilic head groups of the bilayer for L61 ( Figure  2B ), L64 interacts with the hydrophilic ends ( Figure 2C ). After visual inspection of the trajectory, some membrane bending is also detected when L64 contacts the membrane surface. Because of the small size of atomistic simulations and the limitations imposed by periodic boundary conditions, this cannot be studied in detail here. Second, when the polymer is initially placed inside one of the leaflets, a U-shaped conformation is observed (or hook-shaped for L61) with PEO blocks being on the same side of the bilayer and PPO block being inside the membrane ( Figure 2E,F) . The insertion of L64 inside the bilayer is found to be shallower compared to that of L61 due to the longer PEO block size and hence stronger hydrophilic interactions (Figure 3 B) . Third, when the polymer is initially centered inside the bilayer, both L61 and L64 span the membrane with PEO blocks being on opposite sides of the bilayer ( Figure 2H,I ). While L64 is mostly centered and crosses the bilayer at each hydrophilic side (≠-shape), L61 crosses the bilayer only from one side (T-shape) due to the smaller polymer size and weaker hydrophilic interactions ( Figure 3C ). The density distribution profiles of water across the lipid bilayer ( Figure 3F ) reveal that transmembrane configuration facilitates water transport across the bilayer, while no passage of water molecules is observed with U-shaped configuration. In addition, the penetration of water molecules inside DOPC is found to be more evident with L64 than L61. This is attributed to the lower binding preference of L64 to DOPC as given the radial distribution profiles of DOPC around each polymer in Figure 3G . It appears that the polymer lipid complex is more densely packed in the transmembrane case than in the U-shaped case which probably stems from the larger local disturbance imparted by the sharp kink in the polymer. The polymer size and dynamics in the presence of a bilayer, as well as structural and dynamic properties of the bilayer in the presence of Pluronics, are monitored by calculating the R g and end-to-end distance of the polymer, bilayer thickness, area per lipid head group, and lateral diffusion coefficient of the bilayer as well as the polymer. The results are listed in Table 4 . Compared to the simulation results of a solely hydrated bilayer, greater thickness and lower lateral diffusion coefficient values are obtained for DOPC with the first Pluronics configuration indicating that the bilayer morphology changes in the presence of the copolymers. Lee and Firestone 58 observed dehydration upon introduction of Pluronics into the bilayer system; it is also known that membrane dehydration increases bilayer thickness and reduces the lateral diffusion coefficients. 59, 60 On the other hand, when the polymer is initially placed inside the bilayer, the thickness of the membrane decreases. Reduced thickness values indicate a thinning effect of the polymer on the bilayer which is also reported by Lee and Firestone. 58 The difference is more evident when the copolymers diagonally cross the bilayer due to the compression induced by the two opposing PEO blocks. In addition, the lateral diffusion coefficient of the bilayer is slightly higher in the presence of the copolymer in agreement with experiments, 10 indicating membrane fluidity increases in the presence of the copolymers.
Similar to the condition observed for bilayers, both single chains of L61 and L64 become more compact, and the radius of gyration decreases in the presence of a bilayer compared to the no bilayer case when the polymer is still outside the DOPC. We attribute this behavior to the lower hydration levels of the polymer compared to the Pluronic/water binary system simulations. Once inside the bilayer, however, the copolymers adopt a more extended shape. The R g values are 1.53 ± 0.17 nm for L61 and 2.00 ± 0.27 nm for L64 when the copolymer adopts a U-shaped (or hook-shaped) configuration. R g increase to 1.82 ± 0.15 and 2.42 ± 0.22 nm for L61 and L64, (D) , (G), respectively. The polymers partially insert to the bilayer with PEO blocks being on the side, when the polymer is initially placed close to water/ bilayer interface. On the other hand, the polymers span across the bilayer when they are initially centered within the bilayer. Concentration effect is investigated by randomly placing five Pluronic chains of (J) L61 and (M) L64 inside the bilayer. After 500 ns simulation time, the number of polymers that span across the bilayer is more with (K) L61 than (N) L64. However, unlike with (L) L61, the onset of pore formation is observed with (O) L64. For clarity, water is not shown in (A)−(N), but only water is shown in (L) and (O).
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Langmuir 2016, 32, 10026−10033 Figure 3 . Density distribution of Pluronics with respect to the DOPC P−P head group when Pluronics initially placed (A) away from the bilayer, (B) at the water/bilayer interface, and (C) at the center of the bilayer. Partial integration of the copolymer to the bilayer is observed when Pluronic is initially located at the interface, whereas full insertion is detected when the copolymer is initially centered inside the bilayer. At high polymer concentrations, distribution of PEO and PPO blocks with respect to bilayer head groups is given in (D). The highest PEO distribution remains inside the hydrophilic region of the bilayer for L61 while it is within the water region for L64. Density distribution of water inside the bilayer for both Pluronics with all configurations is given in (E). Scales are enlarged in (F) for better visualization. Presence of L64 and transmembrane configuration facilitates water permeation inside DOPC. Radial distribution functions of DOPC are illustrated around each polymer (G) and for systems with multiple Pluronics around EO and PO groups of the polymers (H). The center-of-mass radial distribution function for L61 and L64 in a plane perpendicular to the bilayer normal is given in (I). Clustering of L64 is observed with the DOPC. respectively. Hence, the extension becomes more significant when the polymers span the membrane. Similarly, the end-toend distance values for L61 and L64 are obtained as 3.98 ± 1.08 and 4.44 ± 1.55 nm, respectively, with U-shaped (or hookshaped for L61) configuration, and as 5.43 ± 0.78 and 7.35 ± 1.02 nm, respectively, with a transmembrane configuration. This indicates that both polymers assume an extended form in the transmembrane configuration. The difference is not significant for L61, though, due to smaller size of the polymer which causes the polymer to attain partial configurations (i.e., hook-and T-shaped) with the two initial starting configurations.
In general, no significant difference is observed in the area per lipid or in the diffusivity of the polymer in lateral and z directions (i.e., parallel to the bilayer normal) with single polymer chains which could be due to the small Pluronics/lipid ratio. Therefore, to understand the collective effect of Pluronics on the bilayer, five polymer chains of L61 or L64 were randomly distributed inside the bilayer ( Figure 2J,M) . Density distribution of PEO and PPO blocks with respect to bilayer P− P groups are given in Figure 3D . With both types of Pluronics, U-shaped and transmembrane configurations are observed together after 500 ns, with the transmembrane configuration more dominant. That is, 3 and 4 (out of 5) chains have attained the transmembrane configuration with L64 and L61, respectively. In addition, the water density distribution profiles inside the bilayer indicate that more than 5× water density is attained with L64 compared to L61 (Figure 3E,F) . Analysis of the trajectories clearly reveals the onset of pore formation with L64 ( Figure 2O ), but not with L61 ( Figure 2L ) during the simulations. Figure 3G shows that the binding preference of L61 to DOPC is much higher than L64. Unlike with L64, with L61 both EO and PO groups play a major role in this binding ( Figure 3H ). Consequently, no pore formation with L61 could be due the strong EO interactions of L61 with the hydrophilic heads of the bilayer. After analyzing the whole trajectories, we observe that Pluronics induce bending and local thinning in the DOPC bilayer in accordance with the findings reported for DMPC. 24 The bilayer membrane thickness decreases from 3.76 nm, when the polymer is outside the bilayer, to 3.55 and 3.63 nm respectively in the presence of L61 and L64. While the bilayer thickness decreases, the area per lipid headgroup increases as expected (Table 4) . Moreover, the lateral diffusivity of the bilayer increases in the presence of Pluronics similar to the single chain simulations. However, within error, no significant differences are observed in the areas and lateral diffusivities of the bilayer including L61 or L64 or in the diffusivities of L61 and L64 parallel to the membrane normal. The average R g and end-to-end distances of the polymers attain a value between the R g and end-to-end distance values of the single polymer simulations with initial configurations 2 and 3 (Table 4 ). This is attributed to the existence of both U-shaped and transmembrane configurations as well as the decrease in bilayer thickness. In a thinner membrane, the extension of the PPO block, and hence the polymer R g in the bilayer, are expected to be less than in transmembrane configurations in single polymer simulations. Finally, the lateral diffusivity of L61 in DOPC is much higher than that of L64. Whereas the lateral diffusivity of L61 is close to membrane lateral diffusivity indicating both move together, the lateral diffusivity of L64 is much smaller than that of the membrane. The center-of-mass plots around the plane diagonal to the membrane normal reveal that L64 forms clusters in the bilayer whereas L61 does not ( Figure 3I ).
■ SUMMARY AND CONCLUSIONS
We investigated the interaction mechanism of Pluronics of different HLB with a DOPC lipid bilayer though atomistic MD. We used L61-and L64-type Pluronics and modified the charges of PEO and PPO blocks though DFT calculations for use with the OPLS-AA force field. Single polymer chains were initially placed (1) far from the bilayer, (2) at the bilayer/water interface, and (3) at the center of the bilayer, and their conformations with respect to the bilayer were monitored. No insertion of the polymers into the bilayer is detected for the first initial configuration. However, L61 and L64 adsorb to the surface of the bilayer through PPO and PEO blocks, respectively. With the second initial configuration both Pluronics partially insert into the bilayer, resulting in a Ushaped (hook-shaped for L61) conformation. Finally, from the third initial configuration polymers fully insert into the bilayer achieving a transmembrane shape. In general, in the presence of Pluronics, the membrane thickness decreases and its fluidity increases in agreement with experimental observations. 10, 58 Specifically, the transmembrane configuration induces more local thinning and membrane bending. Second, the collective effect of the copolymers was investigated by randomly placing five polymer chains inside the bilayer. In these simulations, the decrease in membrane thickness and the increase in membrane fluidity become more pronounced. Unlike L61, L64 is found to cluster inside the bilayer. Finally, at higher polymer concentrations, L64 can form pores inside the bilayer as recently reported by Chen et al. 56 However, no pore formation is detected with L61 during the span of the simulations. Pore formation in the presence of L64 can greatly facilitate molecular transport across cellular membranes. The delivery of drugs encapsulated inside the liposomes can be controlled by introducing the copolymers into these systems without inducing complete disruption of the bilayer, as previously suggested.
11
In conclusion, our results indicate that HLB in polymers defines the interaction mechanism of the polymer with the bilayer as well as the dynamics of the polymer within the bilayer. These findings therefore provide an understanding of underpinning molecular mechanisms and have potential to improve drug delivery systems.
